including tumor necrosis factor (TNF)-␣, interleukin (IL)-1␤, IL-6, IL-10, macrophage inflammatory protein (MIP)-2 (a rodent homolog of IL-8), IFN-␥ (6), and IL-8 (7) promote VILI (8) .
High-mobility group box-1 (HMGB1), a nonhistone, chromatin-associated protein produced by nearly all cell types (9) , has been identified as a late mediator of endotoxin lethality and acute lung inflammation in mice (10) . Elevated serum concentrations of HMGB1 in septic patients are a marker of poor prognosis (10) , and HMGB1 levels are increased in the plasma and lung epithelial lining fluid of patients with acute lung injury (ALI) (11) . ALI, with accumulation of neutrophils, development of interstitial edema, and increased production of IL-1␤, IL-1Ra, TNF-␣, and MIP-2 in the lungs, occurs within 24 h after the intratracheal administration of HMGB1 in mice (11, 12) . HMGB1 is secreted by macrophages 8 h after stimulation with endotoxin and 18 h after stimulation with IL-1␤ and TNF-␣ (10). Necrotic or injured cells can also passively release HMGB1 (13) .
Although HMGB1 has potent inflammatory properties that contribute to the development of ALI, its involvement in VILI has not been examined. Therefore, this study tested the hypothesis that HMGB1 is released in intact lungs ventilated with large Vt. A second objective was to identify the source of HMGB1 by immunohistochemical staining of lung tissue and immunofluorescence studies of inflammatory cells in overinflated lungs. A third objective was to examine the effects of blocking HMGB1 on the subsequent development of VILI.
METHODS
An expanded methods description can be found in the online supplement. Our experimental protocol was approved by the Council on Animal Care of Keio University and was in compliance with the guidelines of the National Institutes of Health. We studied 47 male Japanese White rabbits. The nonventilated group included six rabbits without mechanical ventilation. After tracheotomy, 12 rabbits were randomly assigned to a group ventilated with a Vt of 8 ml/kg (small Vt group, n ϭ 6) versus 30 ml/kg (large Vt group, n ϭ 6). Bronchoalveolar lavage fluid (BALF) from the right lung and blood was collected after 4 h of ventilation. The left lung was used to measure the wet-to-dry weight (W/D) ratio. All rabbits received 5 mg of human serum albumin (HSA) intravenously 1 h before death to determine the lung permeability index, which is defined as the HSA in BALF-to-plasma ratio expressed as a percentage (14) . The concentrations of HSA, IL-8, TNF-␣, and HMGB1 (15) were measured by ELISA. The activity of lactate dehydrogenase (LDH) was analyzed by spectrophotometric assay. The BALF sediments were used for white blood cell (WBC) and differential cell counts.
To locate HMGB1, immunohistochemical studies were performed using specimens from nine rabbits randomly assigned to one of a nonventilated group, a small Vt group, or a large Vt group (n ϭ 3 in each group). The specimens were counterstained with hematoxylin-eosin and elastica-Masson stains. A blind coexperimenter counted the numbers of macrophages and neutrophils per millimeters squared in 10 randomly chosen views. Immunofluorescence staining for HMGB1 was also performed in macrophages and neutrophils collected from BALF. The inflammatory cells from a lung ventilated for 4 h with a 30 ml/kg Vt were assigned to the large Vt group, and the cells from a nonventilated lung were divided into a control and a LPS-stimulated group. In the latter group, 1 pg/ml of LPS was added, and cells were incubated for 4 h. HMGB1 was visualized by an indirect immunofluorescence technique.
In the HMGB1-blockade study, 18 rabbits were randomly and evenly assigned to a normal saline group, a control antibody group, or an anti-HMGB1 antibody group, which, respectively, received intratracheally 1 ml of sterile saline, 2 mg of nonspecific isotype-specific antibody, or 2 mg of anti-HMGB1 antibody (Shino-test, Kanagawa, Japan) dissolved in 1 ml of sterile saline (14) . After 4 h of ventilation with a 30-ml/kg Vt, BALF from the right upper lung and the blood was collected. The right lower lobe was used to measure the W/D ratio.
The data were analyzed by the StatView version 5.0 software (Abacus Concepts, Berkeley, CA). Because the data for cell count in immunohistochemistry could not assume the normal distribution, nonparametric analysis was used. Other data were analyzed by oneway analysis of variance followed by Fisher's test for the comparison among three groups and unpaired Student's t test for the comparison between two groups. Statistical significance was set at p Ͻ 0.05. The results are expressed as means Ϯ SEM.
RESULTS

Effects of Mechanical Ventilation on the Release of HMGB1 in the Lung
The ventilatory settings and the blood gas analyses in each group are summarized in the online supplement (Tables E1 and E2 in the online supplement). The respiratory rate was higher in the small Vt group to maintain a stable Pa CO 2 partial pressure. In the large Vt group, Po 2 was lower and Pco 2 was higher after 4 h than after 2 h of ventilation, although the differences in arterial blood gases between the two Vt groups at the same time points did not reach statistical significance. There were no significant differences in hemodynamic measurements between the small and the large Vt groups (data not shown).
Permeability index and W/D ratio. The permeability index was higher in the large than in the small Vt group after 4 h of mechanical ventilation ( Figure 1A) . Likewise, the W/D ratio was greater in the large Vt group than in the nonventilated and the small Vt groups ( Figure 1B) .
LDH in BALF and plasma. The LDH activity in BALF was significantly higher in the large Vt group than in the control or the small Vt group ( Figure 1C ). Plasma LDH activity was higher in the small Vt (158 Ϯ 23 IU/L, p Ͻ 0.01, vs. the nonventilated group) and the large Vt (139 Ϯ 9 IU/L, p Ͻ 0.05, vs. the nonventilated group) groups than in the nonventilated group (56.9 Ϯ 14.1 IU/L).
WBC counts. Marked neutrophil accumulation in BALF was observed in the large Vt group, whereas the macrophage counts were similar among the study groups ( Figure 1D ). The number of neutrophils did not differ from that of macrophages in the large Vt group.
HMGB1 in BALF and plasma. The concentrations of HMGB1 in BALF and plasma are shown in Figure 2A . The HMGB1 concentration in BALF of the large Vt group was significantly higher than in the other groups. HMGB1 was undetectable or nearly undetectable in most plasma samples.
IL-8 and TNF-␣ in BALF and plasma. The concentration of IL-8 in BALF was significantly higher in the large Vt group than in the nonventilated or the small Vt groups ( Figure 2B) . Similarly, the concentration of IL-8 in plasma was higher in the large Vt group than in the two other groups (nonventilated group, 93.4 Ϯ 30.6 pg/ml; small Vt group, 79.8 Ϯ 21.1 pg/ml; large Vt group, 175 Ϯ 25 pg/ml; p Ͻ 0.05). The TNF-␣ concentration in BALF was 96.5 Ϯ 33.8 pg/ml in the large Vt group and was undetectable in the other two groups ( Figure 2C ). The concentrations of TNF-␣ in plasma did not show significant differences (nonventilated group, 135 Ϯ 62 pg/ml; small Vt group, 254 Ϯ 129 pg/ml; large Vt group, 18.7 Ϯ 17.5 pg/ml).
HMGB1 Immunohistochemistry
The lungs with no mechanical ventilation ( Figure 3A ) and with the small Vt ventilation ( Figure 3B ) contained sparsely distributed inflammatory cells that were mostly not immunoreactive for HMGB1. Alveolar hemorrhage and interstitial congestion and thickening were limited to lungs exposed to the large Vt ventilation, which also demonstrated increased numbers of alveolar macrophages and infiltration of many neutrophils ( Figure  3C ). Some macrophages and neutrophils that had migrated into the alveolar spaces during the large Vt ventilation were intensely immunoreactive for HMGB1 ( Figure 3D ). Only a subset of alveolar epithelial cells was also immunoreactive for HMGB1. The injured lung tissues had no immunohistochemical staining with irrelevant antibody ( Figure 3E ). WBC counts. The numbers of HMGB1-negative neutrophils or macrophages did not show significant differences among the groups, but the numbers of HMGB1-positive neutrophils and macrophages increased significantly in the large Vt group compared with the nonventilated group ( Figures 4A and 4B ). There were no significant differences between the total cell counts for neutrophils and macrophages in each group.
Immunofluorescence of Inflammatory Cells for HMGB1
To identify the source of HMGB1 released in the lung during large Vt ventilation, we performed immunohistochemistry using anti-HMGB1 antibodies. Unstimulated alveolar macrophages collected from the lung with no mechanical ventilation (control group) did not stain for HMGB1 ( Figure 5A ), whereas those stimulated with LPS (LPS-stimulated group) stained prominently for HMGB1 ( Figure 5B) . Similarly, macrophages collected from the lung ventilated with a large Vt were positively stained for HMGB1 ( Figure 5C ), whereas there was no expression of HMGB1 on neutrophils from control lungs and lungs ventilated with a large Vt.
Effect of Intratracheal Instillation of Anti-HMGB1 Antibody on VILI
There were no significant differences in ventilatory settings (data not shown), pH, and Pco 2 among the study groups treated with normal saline, anti-HMGB1, or control antibodies (Table E3) . After 4 h of ventilation, Po 2 was significantly higher in the anti-HMGB1 antibody group compared with both other groups (normal saline group: 57.4 Ϯ 4.1 mm Hg, p Ͻ 0.01, vs. the anti-HMGB1 antibody group; control antibody group: 59.8 Ϯ 9.0 mm Hg, p ϭ 0.01, vs. the anti-HMGB1 antibody group; anti-HMGB1 antibody group: 106 Ϯ 18 mm Hg).
Permeability index and W/D ratio. The permeability index was significantly lower in the anti-HMGB1 antibody group than in the normal saline group or in the control antibody group ( Figure  6A ), whereas the W/D ratio was similar among the study groups ( Figure 6B ).
LDH in BALF and plasma. The LDH activity in BALF was significantly lower in the control antibody group than in the normal saline group and was lowest in the anti-HMGB1 antibody group ( Figure 6C ). Plasma LDH activity was significantly lower in the anti-HMGB1 antibody group (81.1 Ϯ 6.7 IU/L) than in the normal saline group (234 Ϯ 56 IU/L; p Ͻ 0.01 vs. the anti-HMGB1 antibody group), whereas LDH in the control antibody group (140 Ϯ 7.8 IU/L) was intermediate.
WBC counts. The number of neutrophils in the BALF was lower in the control antibody and the anti-HMGB1 antibody groups than in the normal saline group. Macrophage counts were similar among the groups ( Figure 6D ).
IL-8 and TNF-␣ in BALF and plasma. The concentration of IL-8 in the BALF was similar among the study groups ( Figure  7A ). There was a significant difference in the plasma concentration of IL-8 between the control antibody group (257 Ϯ 19 pg/ml) and the anti-HMGB1 antibody group (181 Ϯ 16 pg/ml; p Ͻ 0.05 vs. the control antibody group), whereas the levels of IL-8 in the normal saline group (211 Ϯ 31 pg/ml) were intermediate between the two other groups. BALF TNF-␣ was significantly higher in the normal saline and control antibody groups than in the anti-HMGB1 antibody group ( Figure 7B ). The concentrations of TNF-␣ in plasma were similar among the three groups (normal saline group, 480 Ϯ 119 pg/ml; control antibody group, 506 Ϯ 143 pg/ml; anti-HMGB1 antibody group, 260 Ϯ 131 pg/ml). 
DISCUSSION
Our study provides three observations. First, ventilation with a large Vt caused prominent VILI in our rabbit model, which was associated with fivefold higher HMGB1 concentrations in BALF than ventilation with a small Vt. Second, immunostaining showed that the sources of HMGB1 were not only alveolar macrophages but also neutrophils. Third, measurements of microvascular permeability and oxygenation revealed that lung injury caused by ventilation with a large Vt could be mitigated by pretreatment with anti-HMGB1 antibody. Furthermore, administration of anti-HMGB1 antibody significantly reduced the VILI-induced elevations of TNF-␣ in the BALF while leaving IL-8 concentrations unchanged.
In preliminary studies in rabbits, we observed that the degree of ALI caused by 4 h of mechanical ventilation was dependent on Vt. Although a Vt of 30 ml/kg caused prominent lung injury, 20 ml/kg was not associated with an increase in W/D ratio. We had previously shown that mechanical ventilation with a Vt of 20 ml/kg caused an infiltration of neutrophils, increased the IL-8 concentration in BALF (16) , and enhanced the expression of CD14 protein on alveolar macrophages (17) . It has also been reported that rabbit lungs mechanically ventilated for 6 h with a Vt of 10 ml/kg develop an increase in W/D ratio and upregulated gene expression of monocyte chemoattractant protein-1, TNF-␣, and IL-1␤, although there was no increase in the protein concentrations of these cytokines (18) . In a rat model of acid-induced lung injury, lungs mechanically ventilated for 4 h with a 12 ml/kg Vt and 10 cm H 2 O positive end-expiratory pressure, with a plateau pressure of approximately 30 cm H 2 O, a pressure similar to that used in the large Vt group in the present study, developed alveolar epithelial and endothelial injury compared with lungs ventilated with a smaller Vt (19) . In an ex vivo model of VILI, rat lungs mechanically ventilated with a Vt of 15 ml/kg for 2 h developed increased concentrations of TNF-␣, IL-1␤, IL-6, IL-10, MIP-2, and IFN-␥ in BALF, which increased further when Vt was increased to 40 ml/kg (6) . ALI and ARDS are not pathologically homogeneous in the lung, with some areas being less affected and more compliant (4, 5) . Regions of the lung may be mechanically overstretched even by normal Vt ventilation. We chose the Vt of 30 ml/kg in this study because it caused evident VILI with significant increase in permeability index and W/D ratio. Ueno and colleagues reported that HMGB1 was increased in the lung epithelial lining fluid of patients with ALI (11), and previous animal studies demonstrated increased pulmonary HMGB1 concentrations in models of endotoxin-or hemorrhageinduced lung injury (11, 20) . Because our intent was to identify the role played by HMGB1 in the development of VILI, we limited the stimulation to mechanical stress produced by the large Vt ventilation in intact rabbit lungs.
LDH in BALF was fourfold higher in the group ventilated with a large Vt than in that exposed to a small Vt. When alveolar type II cells are exposed to mechanical stretch at an increased amplitude or frequency, the release of LDH from the cells is increased in association with their apoptosis and necrosis (21) . Because HMGB1 is present in most cell types (9) and can be passively released from necrotic cells (12, 22) , it may be released into BALF from injured epithelial cells in VILI. The results of the immunohistochemical study, showing HMGB1-immunoreactive epithelial cells, support this view, although further studies are needed to measure the release of HMGB1 from each cell type.
There was a discrepancy in the inflammatory cell count between the BALF and immunohistochemistry in the large Vt group. Although there were no significant differences between macrophage and neutrophil counts in BALF and by immunohistochemistry, macrophages tended to be fewer than neutrophils in the BALF, whereas macrophages tended to be greater in the lung specimen. It is reported that after 40 min of high-pressure (peak inspiratory pressure [PIP] of 45 cm H 2 O) ventilation, macrophages decreased in the BALF of rat lungs, whereas neutrophils increased (23) . There was also greater expression of intercellular adhesion molecule-1 (ICAM-1) and macrophage antigen-1 on alveolar macrophages in the high-pressure group. Our results support the view that alveolar macrophages tend to stay in the alveolar spaces during BAL, resulting in artificially low numbers of cells in the BALF.
In the lung ventilated with a 30 ml/kg Vt, some alveolar macrophages and neutrophils were intensely immunoreactive for HMGB1. The immunofluorescence experiments confirmed the positive expression of HMGB1 in the cytoplasm of macrophages collected from the lung ventilated with a large Vt. It has Macrophages incubated with LPS (B ) or collected from an overventilated lung (C ) were stained, whereas the neutrophils collected from normal or overventilated lungs were not stained for HMGB1 (arrowheads). Original magnification: ϫ400.
been reported that, in the resting state, macrophages contain HMGB1 in their nucleus while a fraction of HMGB1 is transferred to cytoplasmic vesicles after stimulation with LPS (24) . After intratracheal instillation of LPS in mice, nuclear and cytoplasmic expression of HMGB1 was observed in the alveolar macrophages (11) . Our study further shows that mechanical ventilation with a large Vt stimulates macrophages and neutrophils and increases their cytoplasmic content of HMGB1, although it is unknown whether the HMGB1 in the cytoplasm comes out from the nucleus into the cytoplasm or is produced in the cytoplasm of macrophages and neutrophils. The aspect of mechanical ventilation, whether stretch, shear stress, or increased cytokine concentrations, that is most important for inducing the production of HMGB1 by macrophages and neutrophils also remains to be determined. Although TNF-␣ is one of the potential mediators that could cause the release of HMGB1 from macrophages, 4 h of mechanical ventilation seems too short for this mechanism to be operative because in the study by Wang and colleagues, no increase in HMGB1 was observed earlier than 18 h after stimulating murine macrophage-like cells with TNF-␣ in vitro (10) .
Neutrophils are an alternate source of HMGB1. Although our immunofluorescence experiments did not show HMGB1 expression in neutrophils collected from the lung ventilated with a large Vt, neutrophils were immunoreactive for HMGB1 in the immunohistochemical study. At sites of acute inflammation, some neutrophils undergo necrosis, whereas others undergo apoptosis (25) . During apoptosis, the surface of neutrophils remains intact, and they can be cleared by macrophages without leaking their potentially injurious contents. However, if macrophages fail to rapidly clear apoptotic neutrophils, the latter undergo secondary necrosis (25) . Neutrophils that undergo necrosis cannot be stained by immunofluorescence, although the leakage of HMGB1 from necrotic cells could contribute to its increase in BALF. Because neutrophils in the large Vt group were immunoreactive for HMGB1 in the immunohistochemical study, the secretion of HMGB1 from neutrophils has not been excluded as a possible explanation.
The reduction in severity of ALI caused by intratracheal instillation of anti-HMGB1 antibodies is consistent with previous reports showing that anti-HMGB1 reduces endotoxin lethality (10) and attenuates LPS-induced ALI (11, 12) . Abraham and colleagues reported that treatment with anti-HMGB1 had no effect on TNF-␣ or MIP-2 protein concentrations in endotoxininduced ALI (12) . Although the measurements of IL-8 in our study, which showed no change in its concentrations after the instillation of anti-HMGB1 antibody, are concordant with that report, the measurements of TNF-␣, which showed decreases in concentration after the treatment, were not.
IL-8 is a potent neutrophil chemoattractant that modulates the development of ALI (26, 27) and is produced by bronchial epithelial cells, alveolar epithelium, alveolar macrophages, and smooth muscles of pulmonary vessels after 4 h of mechanical ventilation with a Vt of 20 ml/kg (16) . In our study, the release of IL-8 into the BALF was increased by ventilation with a large Vt, consistent with previous observations (16, 28, 29) . HMGB1 activates the gene expression of IL-8 in neutrophils after a period of 30 min to 4 h (30) and stimulates the release of IL-8 from monocytes within 4 h (31). Although neutrophil infiltration was suppressed in anti-HMGB1-treated animals, IL-8 was not decreased after treatment with intratracheal anti-HMGB1 antibodies.
We observed decreased LDH concentration and neutrophil counts in BALF after intratracheal instillation of control antibody compared with normal saline. These findings suggest that instillation of polyclonal antibodies might have suppressive effect on the production of cytokines and other inflammatory mediators in VILI, although the detailed mechanism remains unclear.
In a murine model of endotoxin-induced ALI, treatment with anti-HMGB1 antibodies before or after the administration of endotoxin significantly suppressed the accumulation of neutrophils into the lungs but had no effect on the production of MIP-2 There is discordance among studies regarding the release of TNF-␣ in VILI. In some studies, mechanical ventilation per se did not cause the release of detectible amounts of TNF-␣ (16, 28, 34) , whereas it did in others (6). In the current study, release of TNF-␣ into the BALF was observed only in the large Vt group. This observation may be explained by the stimulation of TNF-␣ synthesis in monocytes within 3 h by HMGB1 (31) and by its activation of the gene expression of TNF-␣ in neutrophils after a period of 30 min to 4 h (30). The decrease in TNF-␣ concentrations in BALF by treatment with anti-HMGB1 antibodies suggests that HMGB1 in the BALF plays an important role in the regulation of TNF-␣ production in VILI. TNF-␣ also enhances the expression of ICAM-1 and VCAM-1 on human endothelial cells (35, 36) . The decreased number of neutrophils after blockade of HMGB1 might be due to lower concentrations of TNF-␣, which decreased the expression of ICAM-1 and VCAM-1 on the lung endothelial cells.
The discrepancy between the permeability index and the W/D ratio in the HMGB1 blockade study could be the result of the difference in the sensitivity and the specificity of each measurement because the value of permeability index of the large Vt group was 30 times that of the nonventilated group, whereas the W/D ratio showed only 1.7 times difference. The permeability index with HSA might be able to detect a slight change in the lung microvascular permeability. Because HSA was given intravenously 1 h before the animals were killed and calculated as the ratio of its concentration in BALF to plasma at the time point of death, the permeability index might only represent the leakage of the HSA from plasma during this 1 h, whereas the W/D ratio represents the amount of water in the lung accumulating through the whole experimental time.
Administration of HMGB1 in high doses causes death in mice within 18 to 36 h (10), and an acute, diffuse inflammatory response has been observed 24 h after its intratracheal instillation (11, 12) . The present experiments showed that the intratracheal instillation of anti-HMGB1 antibody reduced the release of LDH and limited the increase in microvascular permeability after 4 h of injurious mechanical ventilation, preserving cell integrity and oxygenation. Although it is a late mediator of LPS, HMGB1 might express its toxicity in a short period of time in VILI.
In conclusion, mechanical ventilation with a large Vt alone can increase HMGB1 in the alveolar space, partially contributing to the pathogenesis of VILI. Although the mechanism by which blockade of HMGB1 reduces the severity of VILI-induced ALI needs to be further studied, these results suggest that HMGB1 may be an appropriate therapeutic target in VILI.
